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GLOBAL CONTEXT
ncentrations

ons Must Ultimately Begin a Long-term

Emissions Trajectories Consistent With Various Atmospheric CO2 Concentration
Ceilings
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To stahillize CO, concentration, need to decarbonize the energy system at several
times the historical rate of 0.3%/y. Even if dlectric sector is completely
decarbonized by 2100, stabilization at 550 (450) ppm => 3 (B) fold reduction in
carbon emissions from direct fuel use \s. 1S92a.




WHY CONSIDER H, AS AFUTURE
ENERGY CARRIER?

e Zero ar near—z2er0 emissions at pointof use

e Low to zero full fuel cycle primary enissions of both ailr

pollutants and greenhouse gases (e.g- H, Tuel ol
vehides offer lowest welHo-wheelsemissions of ay

fuel/engine optaon)

« H, can be made from widely available primary
resources (fossil, renewable, nuclear)

e Hydrogen offars MUL T IPLE benefits

= Rapid progress In H, and fuel calll technologies




Full Fuel Cycle Emissions of Air Pollutants

(Emissions from Altematave Fueled Automobiles Normalized to
Adv., Lightweight Gasoline ICEV)
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FULL FUEL CYCLE
GREENHOUSE GAS EMISSIONS
(Normalized to Adv. Lightweight 46 mpg Gasolire ICEV)

Fuel Cell Vehides

Adv. ICE Hybrid Vehides
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EXTERNAL COSTS OF ENERGY
THERE ARE LARGE UNCERTAINTIES

e Greenhouse Gas Emissions $60-200AC (costof
reducing C enissions fran energy systiem)

« Air Polluion Damage Costs associated with enargy
production and use (primanily longterm health effeds of
particulates). Uncertainty In cost (Lt uncertainties In
emissions from souroes, akmosphenic transport axd chemistry,
dose, healthand ather damage effedts, economic value of
damages) ranges over 1-2 ardars cfmagnitude.

« O1l Supply Insecurity. For US, $20-60 billionvy. (Oepending
on how this is dllotted to supply, ~$0.35-1.05/cal gasoline)



Range of Lifetime Externality Costs($) for Altemative Fueled
Automobiles (Low, Mid and High Esta mates)
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EXTERNALITIES COULD BECOME AN
IMPORTANT DRIVER FOR H,

e H, vehides have the lowest overall extarmality codts of any
vehide/fuel options.

« H, could address many issues S multaneously.

e ltishighly uncertain today what precise economic values
should be assigned to extermal aosts of enargy (dimate
change, health effects fran air pollutmon, ail supply
Insecunity). However, H, isthe lesstsasitive to these
COosts.



BARRIERS TO AHYDROGEN
ECONOMY

e curentlack of a H, infrastructure; “‘dhicken and egg”
problem

e current high cost of H, end-use technologies

e technical matunty: adapting curenttechnologies fara H,
energy economy could oeed progress (e.g- onboard H,
Storage, small scale H, production systems, fossill H,
production with CO,, sequestration); need far codes and
Standards

e lack of policies reflecang the extarmal oosts of enaergy



MID-ATLANTIC REGIONAL CONTEXT

e Several non-attainment aress far azone, CO, partaculates

e State Climate Change Plans being developed

e Clean Cities programs (Philadelphia, Pitisburgh, Baltinore, DC, DE,
North Jarsey, West Virginia, Hampton Roads)

e Signrficant altemative fuel vehidie demonstration programs, and
availaaility of altermative fuels ike CNG.

e Home 1 H, suppliers ad usars (cemical ad refinery
operations), fuel celll and H, energy tech. companies,

« Mid-Adantic region is rge enargy market, accountaing for ~14%
of pessenger aars and 11% of lighttrucks In US.



H,

ECONOMY:MID-ATLANTIC REGION
Population = 30 million people
~18 million cars; ~7 million Iight trucks; ~2 million heavy trucks and
buses (Ave. milesArAehide= 11,900; ave. fuel economy for Light
Duty Vehides= 20 mpg)
Energy use 11 Trnillion BT Wy (ZM coal, 19%
NG, 17% gasoline, 14% nuclear, 9% Distillae fuel)

Installed Elediric capacity = 96,000 MWe, ~45% coalHred,17%
nuclear, ~3 RV e/parson

ifal LDVs converted to H, FC Vs, regionally

— NG use would inaeas= by ~29% OR

— Coal use would narease by ~27/% (—60 CO,, injection wells, each disposing

of 2500 tonne/day would be needed for CO, produced in coal—=>H, plants)
OR

— Elednic power ~ 20,000 M We would e needed on contanuous kesis. Or ~
40,000 MWe offeak power for12 hyd.



POTENTIAL APPLICATIONS FOR H,
VEHICLES INMID-ATLANTIC REGION

e Transitbusss
e Other Caentrally Refueled Heet \vehidles

e General Autbomotave Markets: LigntDuty Vehides



FLEETS ARE ATTRACTIVE INITIAL
MARKETS FOR H, VEHICLES

* For centrally refueled fleets, only a limited fudd
supply Infrastructure Isneeded.

* High level oftechnical competence for parsonnel
operating H, refueling station.

» Current compressed gesH,, storage systems would
provide aceguate range for flest sarvice (@alogous
1 CNG)



POTENTIAL ROLE OF CENTRALLY
REFUELED FLEETS IN DEVELOPMENT

OF H, AS A TRANSPORTATION FUEL

= Inthe US, ~ 0.8 million new light duty vehicles are sold o centrally
refueled, nonHental flegts each year-.

=  Globally, centrally refueled urban transit bus markets could also e
lage (200,000 busesAvear by 2010).

»  Centrally refueled flecet markets are potentadlly large enough to help
“buy down’” the cost of H, tedhnologies such as fuel calll vehidles over

the next decade via mass production, 1fthey capture majar fractaion of
these markets. (Mandated US ZEV and ARV markets might e lage

enough 1 accamplish significant cost reduction of H, FCVs )



Mandated ZEV Markets and Centrally Refueled Fleet Markets
in ZEV States (CA, NY, MA, VT)
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Fleet Vehides inthe Mid-AtlantacRegion

(Mid-Adantaic Region hes ~13% of US flest LDVs
or ~0.1 million rew centrally refueled LDVs par year)

TOA# FIEETAUDS FIEETUGHT ALFIEET
FIEESB (% TOTA- TRUKS VBEHCES

10+ VEH AUTCS) (% TOTALT. INOLD NG

TRUKS HEAY TRUKS

AND BJES
(% TOTA-
VEHCES)
PA 6060 166715 200728 546352
NJ 4001 139493 157077, 416552
DE 471 114083 20510 49267
MD 2277 78418 112233 26290C
VA 3094 108253 122316 329802
W VA 920 24355 45118 85987
DC 269 8160 19533 43804

TOTAL 17,092 536,798 677,515| 1,734,36<
(3%) (9%) (7%)




Near term H, Supply Optaons
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Long term H, Supply Optaons

H2 FROM HYDROCARBONS w/CO2 SEQUESTRATION
CENTRALIZED PRODUCTION OF ELECTROLYTIC H2
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H, SUPPLY AND DEMAND

H, Demands KG H/ DAY
1 H, FCcR(82MPG, 1 1,000MI/Y) 0.375
1 H, FCB (7 MPGE, 50000MV/ Y) 20
100 1000H, FCCARHAEETCAS (82 MPG, 58580
17,000MV/ Y)
100-1000FCB B 2000
20000
100 ,000 cars (~1% of cars in LA) 37,500
1 million cars (~10% of cars in LA) 375,000
10 million cars (~100% «cars in LA) 3,750 ,000
H, Supplies KG H/ DAy |9zZE O, |SZE OF
FC cArREET H, FC BS
SUPFORED | HEET
Co™PESEDH, GAS TRICK( 1/DAY) 420 1120 21
LiQupD H2 TR& (1/DAY) 3600 9600 180
ONSE EEECPOXZER 2.4-2400 6.4-6400 | 0.1212C
ONS'E STEAM METHANEREFOVRER (SMR) 2404800 | 64012800| 12240
Municipal Solid Waste Gasifier (waste 12,000 32,000 600
from city of 100,000 people)
Industrial scale steam methane 48,000 - 128 ,000 - 2400 -
refor mer 480 ,000 1,280 ,000 24,000
Coal gasifier H, plant w/CO, seq. 150,000 - 400 ,000 - 7500 -
600 ,000 1,600 ,00 30,000
H, from 10% of NG Flow into LA 1,700 ,000 4,533 ,333 85,000
H, from 1000 MW off-peak power 240 ,000 640 ,000 12,000

Conversion Factors:
1 kg H, =0.14 GJ (HHV) ~1 gallon gasoline; 1 tonne/day = 0.4 million sci/d
1 kW H, =0.6 kg H/day; 1 FC Car requires ~0.6 kW H, production capacity
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HYDROGEN ENERGY ECONOMY W/CO2 SEQUESTRATION
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POLICIES WILL PROBABLY BE
REQUIRED TO BRING ABOUT A H,
ECONOMY,
INCLUDING VALUATION OF

EXTERNALITIES
In world where H, is widely used extarealities will be more

important than they arenow. Polliaical will and markets
will evolve together, reflecting profound changes In how
we VIew energy as a socety.

Factors that could acoelerale adopion of H, - 1) technical

breakthroughs, and 2) potentaal market pulll of
fundamentally new products and sarvices enablled by the

use of H, arfud celis.



POLICIES TO ENCOURAGE USE OF H,

» R&D on key concepts, where a lreaktiyough coulld speed
the adoption of H, (e.g- H, storage, snalll scale H,
production, CO,, sequestration)

= Demonstraton of H, production, refueling infrastructure
and end-use technologies; cevelopment of codes and
Standarcs.

» Poliaes to encourage “‘buy-down’” of H, technollogies such
as fuel cellsand encourage H, Infrastrudture devellopment.
For example, use of H, n ZEV flests.

* Poliaesto value extamaliies. emissions Sandards (@ir
pollutants and Carton), fecbates far dean effiaatt
vehides, fuel economy standards, gasoline tax, carbon tax



CONCLUSION

= H, and fuel-call technologies, although hign-isk and longerm, have a
potentidly very high payoff. Therefare, they deserve signrficant
govermment support now, so thatthey will ke reedy In 15-20 years, if
and when we need to deploy them widely.

e Consident poliaes are needed to encourage use of deaner transportation
systems with bwer cartbon emissions and t© move away from our almost
exclusive dependence on aude all-derived transportation fuels

e Comprehensive strategy: Encourage use of clean, effiaent ntermal
combustaon engine vehides n the near tarm, coupled with a longer tarm
Srategy of research, development and demonstration of H, and fuel
s



Societal Lifecycle Cost () for Alt. Fueled Cars Including
Drive Train, Lightweigt Body, Fuel, and Externality
Costs for Air Pollutaon, Greenhouse Gases, & Ol Supply
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Lifecycle Cost($S) of Alternative Fueled
Automobiles for Low, Median and High
Externality Values
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FLEET MARKETS IN THE US

-~ 12 milhion vehides inthe US @ million cars, Smillion light trucks, 3

million heavy trucks & buses) are Inflests of 10+

. ~ 75-80% of lage business, utality and government LDV flests ad >90%

of bus fleats are centrally refuelad

. About 40% of flect cars are In daily rental u=e (these are not centrallly

refueled and are sold after 1-2 years), the rest are centrallly refueled and
are typically keptfar 100,000 miles.

- 90% of centrdlly refueled LDVs are inflests of >100 cars. Typical 9z

100-1000 vehidies.

Inthe US, we estimate thet ~ 0.8 milllion new light duty vehides are sold
into centrally refueled, nonrentall flests each year.

. Ave. flest LDV travels ~50-100% more milesArthan ave. pessenger

LDV, sofleats use proportionally more energy)
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Refueling Station Size (kW H2 out)

Infrastructure Capital Cost (kW) \s. Station Size

—&— PU SMR 100 units
—&— PU Onsite Electrolysis
—&— PU LH2 Delivery

—%— PU SMR Pipeline Lo density
demand

—%— PU SMR Pipeline Hi Density
Demand

—e— DTl Home Electrolyzer -100

—+— DTl Home Electrolyzer-
25000

—=— DTl Home Electrol- 1 million

——— DTI Electrolysis Stations-
first 1000

—— DTISMR 1 unit

—— DTI SMR first 100

—&— DTI SMR 1000 units

Multply by 0.6 kW H2/car to
find ¥car



